Effect of tetragonal distortion on the electronic structure, dynamical properties and superconductivity in Mo3Sb7 is analyzed using first principles electronic structure and phonon calculations. Rigid muffin tin approximation (RMTA) and McMillan formulas are used to calculate the electron-phonon coupling constant λ and superconducting critical temperature. Our results show, that tetragonal distortion has small, but beneficial effect on superconductivity, slightly increasing λ, and the conclusion that the electron-phonon mechanism is responsible for the superconductivity in Mo3Sb7 is supported. The spin-polarized calculations for the ordered (ferromagnetic or antiferromagnetic), as well as disordered (disordered local moment) magnetic states yielded non-magnetic ground state. We point out that due to its experimentally observed magnetic properties the tetragonal Mo3Sb7 might be treated as noncentrosymmetric superconductor, which could have influence for the pairing symmetry. In this context the relativistic band structure is calculated and spin-orbit interaction effects are discussed.
I. INTRODUCTION
A Zintl-type intermetallic compound Mo 3 Sb 7 has gained much attention in recent years due to its interesting superconducting and transport properties. It is a type II superconductor, [1, 2] with the relatively low critical temperature T c 2.2 K. At room temperature, it has a cubic bcc structure (space group Im3m) of the Ir 3 Ge 7 type. The primitive cell of Mo 3 Sb 7 contains two formula units, i.e. 20 atoms, occupying three nonequivalent positions, listed in Table I . Mo 3 Sb 7 is a system, where superconducting, structural and magnetic properties interpenetrate each other. The considerable interest on Mo 3 Sb 7 started, when Candolfi et al., [3] suggested that spin fluctuations compete with superconductivity in this compound, modifying also the temperature dependence of electrical resistivity and magnetic susceptibility. Later on, Tran et al. [4] observed a peak in the specific heat C P (T ) at T * = 50 K and reanalyzed anomalies in magnetization and resistivity, arguing the formation of the spin-singlet dimers and opening of the gap [4, 5] in spin excitations around T * = 50 K. Next, Koyama et al. [6] observed a structural cubic-to-tetragonal distortion below T * = 53 K, and suggested the formation of the spin-singlet dimers valence-bond crystal. [7, 8] As far as the superconducting pairing mechanism is concerned, there is no agreement whether Mo 3 Sb 7 is a typical s-wave electron-phonon (BCS) superconductor or some more complex state is realized. Most of the published results [2, 3, [9] [10] [11] , including first principles calculations for the cubic phase, [11] support the conventional * email: wiendlocha@fis.agh.edu.pl
FIG. 1:
Left: Conventional unit cell of the tetragonal Mo3Sb7. In blue: Mo(4e), in pink Mo(8i), in green all of the Sb atoms (Sb atoms were made smaller). Right: sublattice of Mo atoms. The singlet dimers formation between nearest Mo(4e) atoms, as indicated by the blue arrows, was proposed, [4, [6] [7] [8] but the contribution from the Mo(8i) atom should be important to destabilize the cubic phase. [6] Black arrows on the right indicate one of the possibilities of static magnetic ordering, considered in our calculations. If the two Mo(4e) atoms, which form singlet dimer, are treated as nonequivalent, the crystal looses inversion center (see, Sec. III).
picture. However, various values of the electronic specific heat jump at the transition point were reported, [3, 9, 12] ∆C/γT c = 1.04−1.56 much smaller, or close to the weakcoupling BCS value 1.43. Moreover, the specific heat in the superconducting state [9, 10] and the magnetic field penetration depth [13, 14] behaviors were differently analyzed, in terms of either one-or two-gap BCS models. It was also proposed, that antiferromagnetic fluctuations may be responsible for the superconductivity, due to observation of the spin density wave under pressure. [15] Recently, basing on the neutron single crystal and Xray powder diffraction studies, structural parameters of the low temperature tetragonal phase were accurately determined. [7, 12] Availability of the exact crystallographic data and renew interest in this system prompted us to re-investigate the electronic structure, magnetism, dynamics and the electron-phonon interaction in the tetragonal Mo 3 Sb 7 to discuss the effect of the distortion on Mo 3 Sb 7 properties. Especially we wanted to verify, whether the strength of the electron-phonon interaction in the tetragonal phase is sufficient to drive the system into the superconducting state, with the experimentally observed critical temperature, as the previous results supporting electron-phonon superconductivity [11] were obtained for the cubic phase. Due to the distinct crystal structures, it is possible that in the tetragonal phase (where in fact superconductivity in Mo 3 Sb 7 appears) the situation could be much different. [55] Analysis of the unit cell symmetry in terms of the possible formation of antiferromagnetic phases (see, Sec. III) led to observation, that when the two Mo(4e) atoms, expected [4, [6] [7] [8] to form the spin singlet dimers, are taken as nonequivalent, the unit cell looses the inversion symmetry. Since this requires the appearance of the distinguishing physical feature, like anti-parallel direction of local magnetic moment, this is rather not a case of the electronic spin-singlet state. However, under external pressure the antiferromagnetic spin density wave state was suggested to stabilize, [15] and this could provide the distinguishing feature between the two Mo(4e) atoms. That could transform Mo 3 Sb 7 into the non-centrosymmetric superconductor and this new feature of the system is briefly discussed in connection with the spin-orbit coupling effects.
The paper is organized in four sections. In Section II we discuss the strength of electron-phonon interaction basing on the rigid muffin tin approximation (RMTA). Here, semirelativistic results as well as the spherical potential approximation is used in the electronic structure calculations, as it is required by the RMTA. In Section III we discuss our efforts to investigate magnetism in the Mo 3 Sb 7 , and, in the context of the possible lack of inversion center, spin-orbit effects are discussed. In this part, full potential fully relativistic KKR approach was used. Section IV gives the summary.
II. ELECTRON-PHONON INTERACTION AND SUPERCONDUCTIVITY
Electronic structure calculations were performed using the Korringa-Kohn-Rostoker (KKR) multiple scattering method. [27] The crystal potential was constructed in the framework of the local density approximation (LDA), using von Barth and Hedin formula [28] for the exchangecorrelation part. For all atoms angular momentum cut- 
off l max = 4 was set; k-point mesh in the irreducible part of the Brillouin zone (BZ) contained about 650 points. Density of states (DOS) was computed using the tetrahedron k-space integration technique, generating about 2600 tetrahedrons in the irreducible part of the BZ. Since our main goal in this work is to estimate the electronphonon coupling constant from first principles within the rigid MT approximation, spherical potential approximation for the crystal potential is used, as is required in this approach. The muffin tin spheres radii were set to 2.54 a B (Mo) and 2.73 a B (Sb), in Bohr atomic units. Experimental tetragonal unit cell and atomic positions, as shown in Table I , were used. To ensure the consistency of the calculations, electronic structure of the cubic phase was also recalculated using the neutron data of Yan et al. [12] , which were slightly different from the previously used.
[11] The differences were minor, smaller than those induced by the tetragonal distortion, as can be seen by comparing the data in Ref. [11] and the Table II . Total and site-decomposed electronic densities of states for the tetragonal Mo 3 Sb 7 are presented in the top panel of Fig. 2 , whereas in the bottom panel, comparison of the tetragonal and cubic DOS is shown. As one can see, overall DOS of the tetragonal phase is very similar to the cubic one, which confirms the subtle nature of the distortion. The differences are seen on the numerical values of the site-decomposed DOSs and McMillan-Hopfield pa- rameters, presented in Table II , as well as on the electron dispersion curves, which are discussed in more details in Section III. As in the cubic phase, the characteristic feature of the DOS of tetragonal Mo 3 Sb 7 is the presence of a band gap, separating valence and conduction bands, with the Fermi level E F located in the range of sharply decreasing valence DOS. Electronic states near E F are built out of the Mo-4d and Sb-5p states, with the highest DOS contribution coming from Mo atoms. It is worth recalling, that the steep DOS function in the vicinity of the band gap also result in interesting thermoelectric properties of Mo 3 Sb 7 , studied in considerable number of papers, see, e.g. Refs. [16] [17] [18] [19] [20] [21] [22] .
Next, we present the phonon calculations results, as a next step towards the discussion of the electron-phonon interaction strength. In the phonon calculations, both Mo 3 Sb 7 phases were modeled by imposing the symmetry restrictions of the Im-3m (cubic) and I4/mmm (tetragonal) space groups on the crystal structure. Results for the cubic structure have been already presented in our previous paper. [11] The calculations of tetragonal phase have been performed using the same technique. Structure
The phonon dispersions along the high symmetry directions and the total and site-decomposed phonon DOS spectra calculated for cubic (from Ref. [11] ) and tetragonal Mo3Sb7 structures with lattice parameters and atomic positions optimized in calculations.
optimization was achieved using the VASP package. [30] The spin-polarized density functional total energy calculations were carried out within the generalized gradient approximation and using the Perdew, Burke, and Ernzerhof (PBE) functional. [31] The wave functions were sampled according to Monkhorst-Pack scheme with a kpoint mesh of (4, 4, 4) . The structural calculations were performed on a √ 2 × √ 2 × 1 supercell (containing 80 atoms) with periodic boundary conditions. The optimization of this system started from the experimental lattice constants and atomic positions. The lattice parameters and atomic positions obtained after structure optimization of cubic and tetragonal phases are presented in Table I . The determined values slightly differ from experimental data. The calculated lattice constants are longer than the measured parameters of about 1% and the calculated tetragonality of I4/mmm phase is weaker than that obtained experimentally. The total energy of both structures are almost equal (difference is 22 meV for 80 atoms supercell) thus the energetically none of them is favored in a low temperature region.
In the static DFT calculations, the magnetic feature of materials with unknown magnetic ordering are usually approached by the ferro-or antiferromagnetic arrangements of the local moments. Unfortunately, in calculations of Mo 3 Sb 7 the starting non-zero moments aligned in the fero-or antiferomagnetic ordering dropped to zero leading up the system to a nonmagnetic state. The lack of antiferromagnetic interaction, which should shorten both the Mo-Mo distance and the lattice parameter c, is then responsible for the small tetragonality of the theoretical unit cell.
For the optimized structure, the phonon dispersions and DOS were calculated with the direct method. [29] This method utilizes Hellmann-Feynman forces obtained by performing small atomic displacements of nonequivalent atoms from their equilibrium positions. From them the dynamical matrix is determined and diagonalized to obtain the phonon frequencies at each wave vector. The phonon dispersion relations and the total and sitedecomposed partial phonon DOS spectra computed by random sampling of the BZ are presented in Fig. 3 for the cubic (top panel) and tetragonal (bottom) optimized supercells. The representative path between high symmetry points in reciprocal space of a body-centered cubic structure is fixed on H(1/2,1/2,-1/2)-Γ(0,0,0)-N(0,0,1/2)-N(-1/2,0,1/2)-Γ(0,0,0)-P(1/4,1/4,1/4). For the tetragonally distorted structure the H point is replaced by Z, and two N points are distinguished giving two different points X and N. The considerable differences observed between the dispersion relations of cubic and tetragonal phases are related to the acoustic branches only. The frequencies calculated at points X and N of tetragonal phase are slightly higher or lower than the frequency at point N of cubic structure. The lowest degenerated acoustic branches in Γ-P direction in the cubic phase split to two different branches in the tetragonal phase.
The phonon DOS spectrum of tetragonal phase looks similar to the previously calculated [11] spectrum for the cubic structure. The pronounced difference is the small peak observed at 1 THz for the cubic structure and invisible in a low-frequency region of tetragonal phase spectrum. This low energy mode was discussed in a previous paper where the experimentally derived phonon DOS of polycrystalline Mo 3 Sb 7 are analyzed and compared with the calculated data. [32] We showed that the very small changes of the Mo-Mo force constant parameters are able to renormalize the phonon frequencies around the point H to distinctly higher values. The tetragonal deformation gives similar results spreading the phonon frequencies around 1 THz. Finally, the phonon DOS calculated for the tetragonal phase better corresponds to the experimental data.
The electronic structure results were used to calculate the electronic part of the electron-phonon coupling constant, i.e. the McMillan-Hopfield η i parameters [24, 25] for each atom in both phases, using the formula: [33, 34] 
where V (r) is the self-consistent potential at site i, R MT is the radius of the i-th MT sphere, R l (r) is a regular solution of the radial Schrödinger equation (normalized to unity inside the MT sphere), n l (E F ) is the l-th partial DOS per spin at the Fermi level E F , and N (E F ) is the total DOS per primitive cell and per spin.
The phonon DOS F (ω) was used to compute the average square site-decomposed phonon frequencies ω 2 i presented in the Table II, using the formula: [40] 
The combination of the McMillan-Hopfield parameters and phonon frequency moments allows to calculate the electron-phonon coupling parameter, according to the equation:
The sum is over all the i atoms in the primitive cell, M i is the atomic mass. For a review of previous results and a more detailed discussion of the approximations involved in this approach, see e.g. Refs. [35] [36] [37] . For each nonequivalent atom in both cubic, and tetragonal phases, values of η i parameters are presented in Table II, with contributions from each l → l+1 channels. As far as the contributions to η i are concerned, typical tendencies for p-and d-like elements can be observed. For Mo (4d element), the d-f channel is the most important, whereas p-d contribution dominates for both Sb atoms (5p element). The tetragonal distortion changes the values of McMillan-Hopfield parameters in both ways. For the group of Mo(12e) atoms, which is split into Mo(8i) and Mo(4e), η decreases for the first and increases for the second. The larger value of η for Mo(4e) together with unchanged average phonon frequency makes the contribution of this atom to the total electron-phonon coupling constant higher than for the Mo(8i) atoms, if values per one atom are compared. The accompanying increase of the ω 2 value for the Mo(8i) and decrease of η does not allow for the substantial increase of the overall contribution to EPC constant from the group of Mo atoms, which increase only in about 2.6%. Tetragonal distortion, through the modifications in the electronic structure, increases the partial λ for Sb(12d) group of atoms -overall contribution from Sb(4d) and Sb(8j) is 7.7% larger. Finally, for the last Sb(16f) group we observe slight decrease of McMillan-Hopfield parameters, as well as increase of the averaged phonon frequency, resulting in 2.9% decrease of the coupling constant. After summation of the atomic contributions, taking into account the population of atoms among the sites, the total electron-phonon coupling constant in the tetragonal phase, λ Tet = 0.550, is higher than the corresponding value before the distortion, λ Cub = 0.538. As far as the relative importance of the Mo and Sb elements in EPC magnitude is concerned, tetragonal distortion doesn't change the conclusion drawn for the cubic phase. [11] Despite the dominant character of Mo states near E F , electron-phonon interaction has similar strength among all of the atoms. The small increase of λ leads to the small variation in the superconducting critical temperature T c , which we calculate using McMillan formula: [24] 
where Θ is the Debye temperature. We also use the Allen-Dynes [26] version of the McMillan formula, where the prefactor ω log 1.20 is used, where
(5) As far as the Debye temperature is concerned, there are three values reported in the literature, 310 K (Ref. [3] ), 283 K (Ref. [9] ) and 248 K (Ref. [12] ), we take the middle value, Θ = 283 K, as representative, however this particular choice doesn't change the relative difference between two phases. For the modified T c equation, ω log is independently calculated for both phases, and a small difference is found, ω log = 144 K in tetragonal and ω log = 143 K in cubic. Computed T c is plotted for both phases, as a function of the Coulomb pseudopotential parameter µ , in Fig. 4 (since the electronic densities of states are very similar in both phases, we expect that the Coulomb repulsion, described by the parameter µ , should be practically the same). We see, that tetragonal distortion favors superconductivity, since resulting T c is slightly higher at given µ , as a result of higher λ. Note, that the numerical prefactor ω log 1.20 in the AllenDynes version of the T c equation was originally fitted using µ = 0.1 instead of McMillan's µ = 0.13, thus when Allen-Dynes equation is used, lower µ should be taken. This explains why T c obtained using Allen-Dynes formula at the same µ is lower than using McMillan formula. Nevertheless, the experimental value of T c 2.2 K is reproduced in calculations for the realistic range of µ = 0.11 − 0.14, thus, in the tetragonal phase, the assumption, that the electron-phonon interaction is responsible for the superconductivity in Mo 3 Sb 7 is even better supported, than in the cubic one.
III. MAGNETISM AND RELATIVISTIC EFFECTS
Results, presented in previous Section, supported the electron-phonon mechanism as being responsible for the superconductivity in Mo 3 Sb 7 by showing, that the electron-phonon interaction was strong enough to drive the system into the superconducting state. It still remains unknown, how the magnetic interactions between Mo atoms in Mo 3 Sb 7 influence the superconduct-ing state. As we mentioned in the Introduction, antiferromagnetic fluctuations were even suggested to be a source of the superconductivity. [15] Investigation of the magnetic properties of Mo 3 Sb 7 using DFT techniques occurred to be difficult, since such effects as local low-dimensional spin singlet dimers [4] or valence bond crystal, [6] predicted in Mo 3 Sb 7 , are difficult to be taken into account by these methods. The only way to mimic a singlet state in typical band-structure calculations is to assume antiparallel ordering of local magnetic moments on nearest atoms and to verify if the selfconsistent cycle of calculations will stabilize this state. Several attempts to investigate the possibility of static long-range magnetic ordering in the tetragonal Mo 3 Sb 7 were made. First, the calculated Stoner parameters on Mo atoms are below the critical 1.0 value, being 0.73 and 0.75 for Mo(8i) and Mo(4e) sublattices, respectively, thus are close to those reported for the cubic phase [11] (∼ 0.7). In agreement with the Stoner model, spin-polarized calculations for the ferromagnetic spin arrangements yielded non-magnetic ground state. As far as anfiterromagnetic configurations are concerned, Koyama et al. [6] proposed the two AFM exchange coupling constants J 1 and J 2 between Mo(4e)-Mo(4e) and Mo(4e)-Mo(8i). If the local Mo magnetic moments were coupled that way, it could result in the magnetic structure represented by the arrows in the Fig. 1 (i. e. two Mo(4e) atoms are coupled antiferromagnetically to each other and to neighboring four Mo(8i) atoms, with magnetic moments along z direction). For such a case, magnetic unit cell has to be doubled along c axis, and the two Mo atoms, which build the Mo(4e) dimer, have to be considered as nonequivalent, to allow for the opposite direction of the magnetic moment. As a result of distinguished Mo(4e) atoms, the unit cell becomes noncentrosymmetric, as will be discussed below. For this case, again, the non-magnetic state was predicted by DFT calculations. All these results were verified using the relativistic full-potential calculations, where the spin-orbit coupling was included, using both LDA and GGA functionals. Thus, any stable, long-range ordering of magnetic moments was not found, in agreement with experimental findings and previous theoretical studies of the tetragonal [23] and cubic [11] phases. Moreover, to verify whether the absence of magnetism in DFT calculations may be related to the arbitrarily assumed type of magnetic ordering, we performed calculations for the so called disordered local moment state (DLM). In this approach, a completely disordered magnetic state, with local non-zero magnetic moments, can be studied, thanks to the using of the coherent potential approximation (CPA) (see, e.g. Refs. [38, 39] ). Nevertheless, also in these KKR-CPA calculations, all the magnetic moments of the Mo atoms converged to zero values.
The same set of calculations for the smaller unit cells were carried out, to simulate the effect of external pressure. Also here, both for ordered (FM, AFM) and disordered (DLM) states the local Mo magnetic moments vanished. This proves the subtle nature of the magnetic properties of this system, and is in agreement with the non-magnetic spin-singlet states formation scenario. [4, 6] The cubic-to-tetragonal phase transition in the Mo 3 Sb 7 system is possible under two terms: the dimerisation of two Mo(4e) atoms in a siglet pair [4] and their ordering to the valence bond crystal [6] along one of the axis of the cubic structure. The origin of the second term that guarantees the choice of one axis in singlet formation is not evident and was suggested to be the spin frustration. [6] As we mentioned in the Introduction, if the 'singlet pair' would consist of two antiparallel individual Mo magnetic moments localized on the two Mo(4e) atoms, rather than being a quantum spin-singlet state, that would result in loosing the center of inversion in such a magnetic unit cell. Since the stabilization of the local magnetic moments, resulting in the antiferromagnetic spin density wave formation was reported under external pressure [15] , Mo 3 Sb 7 under pressure may become a member of very interesting group of the noncentrosymmetric superconductors, [41] but with the noncentrosymmetricity induced by magnetism.
To recall shortly, superconductivity and the presence of the inversion center are connected by the basic symmetry considerations. [42] [43] [44] [45] For the s-wave (BCS-type) pairing, the electrons forming the Cooper pair have opposite spin and momentum, i.e. it is required that when |k, ↑ state exists near the Fermi level, the state | − k, ↓ has to exist, to form the Cooper pair. The |k , | − k degeneracy is provided by the presence of either inversion center or time reversal symmetry, while the |↑ , |↓ degeneracy is provided only by the latter. As a result, singlet pairing is not expected in ferromagnetic compounds, due to the time reversal breaking, and triplet pairing is not expected in the noncentrosymmetric structures, due to the lack of the inversion center. Situation becomes more complex, when spin-orbit coupling (SOC) is important in the system, since when SOC is strong, the mixing of parity of the superconducting state can be observed. [45, 46] For example, in the noncentrosymmetric family of Li 2 Pd 3 B and Li 2 Pt 3 B compounds, [47, 48] specific heat [49] or NMR [50] results support s-wave isotropic superconductivity, in contrast to the penetration depth measurements [51] , where mixture of spinsinglet and triplet components in the superconducting energy gap are suggested.
As the spin-orbit interaction is the important parameter for any noncentrosymmetric effects, relativistic band structure was calculated [52] for the tetragonal Mo 3 Sb 7 . Figure 5 presents the electronic dispersion relations computed in three ways. Fig. 5(a) shows semirelativistic E(k) relations for the cubic phase, computed in tetragonal symmetry (i.e. we reduce the unit cell symmetry operators to tetragonal but employ the cubic cell and sites parameters). can be seen e.g. between X and N points, which are equivalent in cubic phase and in-equivalent in tetragonal, also some band degeneracies are removed by distortion at M point. More visible changes, although still moderate, are induced by the relativistic effects. The largest is the spin-orbit splitting of the highest valence band at Γ, ∆E 0.15 eV. Differences are also well seen along the X-M -Γ path, with larger energy levels splitting at M point, than induced by the distortion. We may conclude, that the spin-orbit interaction has visible effect on the electronic band structure, thus effects of the noncentrosymmetricity (if present) may play a role for the pairing symmetry.
The question, whether any mixing of parity, induced by the lack of inversion center is possible for Mo 3 Sb 7 is certainly related to the question whether any static AFM-like state coexists with the superconductivity. As was argued by Tran et al. [15] external pressure stabilizes the magnetic state by inducing the spin density wave (SDW) phase below T SDW = 6.6 K at p = 4.5 kbar. Both, SDW and superconducting phases, although competes with each other (T c increases with p, T SDW decreases for p > 4.5 kbar), coexist in some pressure ranges. If so, superconductivity may be present in parallel with the noncentrosymmetricity, induced by SDW phase. Repetition of the basic experiments (e.g. specific heat, NMR or µSR) to reveal the gap symmetry under pressure should shed some light on the pairing symmetry. Especially, that Andreev reflexion studies [53, 54] in Mo 3 Sb 7 even at ambient pressure suggested non-BCS strong gap anisotropy, with possible s+g gap symmetry.
IV. SUMMARY
Electronic and dynamical properties of the tetragonal phase of Mo 3 Sb 7 were analyzed, using first principles density functional methods. Electron-phonon coupling constant was estimated within the rigid muffin tin approximation, without any adjustable parameters. We found, that the tetragonal distortion has small and beneficial effect on superconductivity, slightly increasing the coupling constant, from λ cub = 0.54 to λ tet = 0.55. Effect on the superconducting critical temperature T c was evaluated using McMillan-type formulas, and calculated T c 's for the tetragonal phase were also slightly higher than corresponding values for the cubic one. The agreement of the calculated T c with the experimental values supports the electron-phonon interaction as the pairing mechanism. The spin-polarized calculations for the ordered (ferromagnetic or antiferromagnetic), as well as disordered (DLM) magnetic states yielded non-magnetic ground states. Next, we pointed out, that if Mo(4e) atoms are physically nonequivalent, as may be suggested by the formation of SDW phase under pressure, Mo 3 Sb 7 structure may be regarded as noncentrosymmetric. In this context, relativistic band structure was calculated and spin-orbit interaction was found to have a visible influence on the electronic bands near the Fermi level. Thus, mixing of the superconducting pairing symmetries might be considered for the description of the pressure experiments, where coexistence of spin density wave and superconductivity was reported. [15] 
